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ABSTRACT 

Hu.n.dU.cat.ou of compressed air before combustion « ; a 
key "person in cvapmatW* powe, cyd«. 
work .as befn done to study thia operai.on m hir.lt Insures 
S^JISSuV A tube humidifier pilot plan, was destgned 

and constructed to l«H this void. , A «ri,i fl ns 
F^oerimcnts at different preosures and fln>v conditions 
tawSJjSU oul The results show that <nc theoretical 
developed parallel^ the events 
can be considered reliable. The tube diinenstona 
save satisfactory efficiencies regarding the flue gas cool ing 
aad the hun.idif.ca.ion of compressed air. Furthermore the 
results Show » new behavior of the working Une. whtcta may 
have an impact on designing such JW«* . m 

This paper mainly desenbw the pilot humidifier fae.lrty 
and .ts components and the first results obtained. 

NOMENCLATURE 

C Molar concentration [tcroOt/nV] 

h individual heat transfer coefficient r*/m C] 

h„ Mass transfer coefficient (m/«] 

An Latent heat wrnsfcr coefficient [W/m C] 

Enthalpy of humid air per unit mass of dry air fcJ/kgl 
f « Enthalpy of saturated air per unit mass of dry atr 

(kJ/fcgl 
r Temperature ["H 
0} Humidity lg water vapor/Ug ^ry airl 
Af Mass flow rate [g/s] 
A/» Molar weight of water [kg/kmol] 
W overall rate of mass transfer (kmol/s, m ] 
f> Total pressure {barl 



Svbscrlp's 

a Compressed air 
j wet-bulb 
i Water-air interface 
v Water vapor 
w Water 

'ThfeSTe market m> expanded rapidly during .he 
Ustde^e! Only between ^^^SSS 
turbine units ordered increased 1 by 37 pewent JMJJJW 
2000). The technical development of gas tuAroe »s w*«rdi 
higher inlet temperatures (TIT) and more complex systems 
bylSodoction oflnier-cooling, multi-stage combustion, and 
exhaust heat recovery implement, 
.mptementations include rtcttperation, «n ■ f 
humldiflcation and condensation. The ^3'^ 
turbine usually has a temperature above 51W c. teace, 
exhaust heat recovery is the key to high electrical nod™*! 
efficiencies. The combined cycle i» an approved approach 
gain high efficiencies. However, steam turbines are «P«"« 
£e I not available for small gas turbines. Other alternate, 
^^ilar performance are advanced l*""*""^** 
the steam injected gas turbine (STIG) and the 
wrbfcw (E-vGTV. The STIG cycle as well as the 
e^eSver, h«gh-q«ality taw, I* down 
above we boiling point, in the heat recovery *™* a * r 
(HRSG). The EvGT cycle even «ecov«s ta^Hi* 
"temperatures far below tb* boiling point, m a humtdifier. 
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Figure 1. Proposed evaporative gas turbine cycle with tubular humidifier 



The first evaporative gas turbine pilot plant (600 kW). 
located at the Urad mstiiote of Technology w Sweden, has 
EL operating successfully ^.»^. t *3j*5 
experience is obtained from lhat plant, (Linguist 1999 end 
(Sren 2000). One key component in EvGT cycle is ihe 
numidificetion apparatus. Though the humidifieauon proeei» 
at atmospheric condition* I* well known and practtced. e.g. in 
cooling towers, only little experimental data are available at 
high pressures and temperatures. Th«e data are necessary for 
designing the humldWcaiion comment. Therefore * separate 
project was initialed at the Royal Institute of Technology ta 
Stockholm, W build up a firm understanding of the 
huaudificarion process and to provide sellable procedure for 
designing such equipment 

This paper presents first experimental results from a 
humidifier pilot plant. A comparison is mode to«jcn to- 
experimental results and simulation results to validate the 
design procedure developed by the authors. 

THE EVAPORATIVE POWER CYCLE 

The EvOT power cycle, also referred to as the HAT cyefc, 
was first presented in the mid 80s, (Naknmura et al.. 1985. 
I9g7) awl (Rao 1989). The EvGT power cycle is basically 



characterized by high efficient low NOx rmts ion, and to* 
investment cost. Other advantages <v»* 
re ady availability and compact ei*r lie efficiency . « 
comparable to the coined cycle, but the absence of « bulky 
and expensive steam tutbine makes the E>OT cycle 
favorable, especially in the mall «««s (1-20 MW) 

The EvGT concept involves the addition of water vapor to 
high-pressure air by huimdificawou. fouofecoon of watet 
vapor increases the mass flow rate through the "P^jr. 
resulbnc in a higher power output and a high exhaus heat 
refovS? Potent. The heat retired for hnmidificauon « 
mainly taken from the exhaust gas, as mentioned above, 
augmenting the overall cycle efficiency. Water consumption 
is Extremely low, since sufficieni humidificat.on water « 
by exhaust ga» condensation. However a small 
bleed-off is necessary to avoid salt enrichment. 

Figure I sh«v« eu EvGT configuration with a tubular 
humidifier (TH). Only a pan of the win! compressed ait flow, 
approximately 30 percent is suggested for humidificat.on. 
This was first presented by Wesiermark (1596) and later used 
by Dallli Sl Westermark (1993) and Agren (2000). The 
exhaust gas heat at high Wmperafures is WOVTrtd » *« 
humid air superheater (HASH) and th* boiler (8U 
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1, Compt^or 

2, Pceuure tauk 

3, Filler* 

4, M»s$ (low meter 
5 V Electric heater 

6. Water pump 

7. Water tank 

8. Maw flow meter 

9. Electric heater 

10. Air fan 

11. ElcctrK heater 

12. Droplet separator 

13. Condenser 

14. Muffler 

15. Finned tube humidifier & shell 

1. 7 etnperature sensor 
?. Pressure fetwr 



LD-H3--0- 



-CD 



FiHure 2. Tube humidifier pilot flow shoat 



The Kiiuiuil.V cdKiosi liroi is iccovcicd isi the TH A 
I XSto,. between TH and HRSG delays mat .n to 
HRSG H»e exhaus* W « ovled o.. the shell ..de caus.ng the 
water m 1*11 inside the tubes, in the Til howCVfr, .he heat 
source h die same, although at lower ™ 
thtis sue v.vo phases inside (he lubes. w«icr and hish-prr.»ure 

"' jlmnidifumion l» subsequently earned =-m by bringing 
the high .niemnre air itt'o counteratrrcnt contact with water, 
causing die waiei w evaporate due w the concentrauon 
pS of water vapor m A. pas phase This fn*-*"* 
compos simultaneous »<«> ™* s ,wr,sfw acr0SS "* 
mrcrfaee between the two phases. 

The liumidilkation process permits w, to evaporate on 
a Urge scale n temperatures below the bo-hng pomi. because- 
o "e lower partial pressure of water »n the ^ir-warer ngr 
mitture This lower partial prewure i. » r«ub o the ^duung 
effect of the ai.. Thus die exhaust gas heat can be re™"** 
down to Stsnir.CAr.tly lower tentperarjtes compared to steam 
generation. , w ... 

The moist air (10-40% water ^P 01 " on n,a5S S1f , ' } 
from the humidifier is reunited with the test of the 
compressed air before combustion. The steam generated in 
the boiler can be injected to increase the mass flow rate 
farther. This is optional since steam may be favored 
elsewhere, e.g. i:> a pulp pvoeessing p'.am etc. 



THE TUBULAR HUMIDIFIER CHARACTERISTICS 

Tubular humidifiers bav* « compact design and a *• 
considered to be effective, s.nce heal exchangmg .s «m«J 
out d.rectly between the heat source (exhaust gas) ^nd the 
heat sink (compressed air). Furthermore, f^™"™* 
consid rations make the tubular hu.nudif.er favorable to o*er 
XrnarU such as a packed bed and » 
especially in small siae gas turbine. fWahlbrrg 2001). 

Some specific features of humidifiers in EvGT systems 

arc sumroerized below; . .. rU _i» 

^Humidifiers operate opd-ally. ™^J**£* 

EvGT system, at relatively tow eahanst gas 'e^"*"™. 
. EvGT humidifiers operate at high pressures and h.gn 

water temperatures compared »o eooimg »«« n- 
. Because of elevated water temperatures, high water vapor 

pressures are feasible leading to high humidity levels in 

the air. 

. Since hutmdificetien is boosted by direct exhaust ga. 

Cooling, the process is diabatic. 
. Part-flow humidification is advantages, since we 

required heat exchanging surface is less (Western** 

. Thftovestment costs of tubular humidifiers are rather low 
compared to other components (Wahlberg zDQlj. 
In designing humidifiers, the following factors should be 

taken into consideration: .... 

« Water is sulxooled by 10-15 °C w> prevent any boiling. 
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• The moist air exiling the Uumi<iif\*t may be assumed to be 
Baruraied and has a temperature bctow the inlet 
temperature of water. 

• The exhaust gas exiting the humidifici shell has a 
rrmperalurt well above its dew-point temperature 

• The flow rale of compressor ait and the water available in 
the system decides the number of tubes in the humidifier. 

• Flooding must be avoided. Proper wetting of the inner 
tube waif* is essential (Dahli & Westernwk 1 

• Minimum cnttammtnl of water droplets in the passing 
compressed air is desirable. Effective droplet separation 
should be implemented. 

Flooding in a wetted wall tube can occur at high gas rates. 
This condition is exhibited by a sudden large increase in the 
prei«ure drop, considerable c<sti4ir*m«rt of watM droplets or 
surging of the liquid in the rube. In this work, the flooding 
velocity correlation by Mekseev (McQuillan & Wholly, 
1984) Is applied. 

The minimum liquid rate for proper wettirto, of a vertical 
plane surface, according to Perry Jk Green (1997), is 0.01-0.3 
kg/'m s water at room temperature. Since the tube diameter in 
thin case is relatively large, the wetting rate limits above can 
be applied. 

THE TUBULAR HUMIDIFIER PILOT PLANT 

Figure 2 shows the pilot humidifier schematically. The 
heart of the humidifier is a vertical extended-surface tube of 
stainless steel with an outer and an inter diameter of 60-3 and 
51.3 mm. respectively. The tube has a total length of 9.2 m* 
Of which S.6 m is available for heat exchanging. The 
remaining length is used for inlet and outlet. Its exterior 
Surface is equipped wfth carbon steel rods enhancing its tout 
htaVexchangiog surface by a factor of about 7. The rods have 
a diameter of 6 mm and there are 332 rods with a lentfb of 82 
mm and 664 rods with a length of 68 mm per meter tube 
forming a quadratic cross-section. The rods are angled 
downwards, to decrease the pressure drop. A thin stainless 
steel shell (17x17 cm) with insulation surrounds the tube 
(figure 3). 




waic 



0 



Ffgurv 4. Humldlflcation water inlet 

A two-step compressor with iwer-cooler produces 
pressurized air for humidificarion. U has a flia.\iniuiii flow 
capacity and pressure of 100 p/s and 40 bar*, respectively. 
Two mechanical and one active, carbon filter, in tliat order, 
clean the compressed air, before its pressure is reduced 10 
desired level (5-35 bats) for each specific experiment of run. 
The flow rate is ael by a n*?*d^ va)vc and is measured by a 
mats flow mcier. The mass flow meter c> vr * a, "> ,hc 
temperature and the density of the compressed air. 

The pressurized air coming from the compressor has a 
temperature slightly abovf ambient temperature. After 
cleaning and pressure reduction, it is heated in a« electric 
beater to 60-1 S0 p C. to simulate an aftcrcooled mrbinr 
process. Water i« fed from the top of the tube through four 
tangdotially drilled holes, each with a diameter of 2.3 mm 
(figure 4). The water film formed falls continuously down the 
inner tube wall (figure 5). Boiling in the wa\« film bboulo be 
avoided because of the associated increased risk for 
erurainment. Hence the temperature of the entering water is 
held a few degrees below the boiling point. 




Figure 6. Flow directions In the tube and th* 
shell 



Figure 3. Extended-surface tube and shell 
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Since tho falling water film ♦v*porares into the pressurized 
Air, its temperature Wis and its How rate decrease* gradually. 

GmI«J falling water (80-120*0 Is collected at the bottom of 
The mbr and recirculated iter addmon of fre&u distilled 
water. An cJectrk heater (0-60 kW. ma*. 250°C) beats the 
w&ter before entering at the tpp again. The water flow rate is 
controlled by a speed regulated gear pump and is measured 
by a mass flow meter (same type as above). 

A temperatute-rcfculaud electric heater (0-30 kW< max 
350 °C) P generates hot air, simulaiing the cxhaUM gas from ft 
gas turbine. A wing-wbeeicd mass flow meter measures the 
hot air flow rate. The hot air flows down along the tube on 
the shell side 

Heat u transferred from die exhaust gas to the tube wan 
on the shell aide. The heal transfer speeds up the evaporation 
of the. falling water Hun into the countercun ent pressurized 
air stream. Thus the humidity of compressed air increases 
rapidly on the tube aide. 

The humid air exiting the lubo may cotuum eniralnrocnt in 
the shape of mist and small droplets. Generally in EvQT 
cycles, separation of entrapment is necessary since water 
contains small amount of salts that will attack the hot turbine 
blade*, resulting in corrosion. Munters Eurofbrm GmbH 
provided the droplet separator, inside the scparwot humid air 
passes first through a wire mesh pad. Mist and small droplets 
colliding with the wires form bigger droplets. The humid air 
passes then through waved plates, where the droplets axe 
trapped and separated. 

After droplet separation, the pressurized humid air W led 
to a condenser, with 6-ra* of heat exchange surface. Most of 
the water is condensed and recirculated back to the plant. The 
recirculation is optional since collecting the condensate 
reveals the amount of water being evaporated. The air is then 
expanded to atmospheric pressure by a needle valve and 
released to the lurroundingg. The mass flow rate Of 
pressumed air is set by the same needle valve. 

Thetrnocouples (type K) measure tux temperature of 
water, pressurized air and hoi air streams at the inter* and 
outlets and along the tube. The temperatures of the tube wall 
and in the hot air stream on the shell side are measured in 
one-meter intervals. The measured figures are collected in 
date storage for further computer processing. 

Two pressure tensor* at the tube inlet ai*d outlet measure 
the system pressure and also indicate the pressure drop of the 
compressed air in the tube. 

The power consumed by water hearer, pressurized air 
heater end air heater are separately displayed. The iota! 
power consumption* after reduction of losses, is included in 
the energy balance relations. 

This equipment is designed to operate at different gas 
Dow rates* temperature and pressure conditions up to 35 bars, 

Tbft experimental results considering the following design 
parameters will be reported: beat and mass transfer 
coefficients; cntrainrnemj wetting limits and Hooding 
boundaries of the system, entriaiunem of water droplets and 
elimination of them The results will be used for designing 
humidifiers for evaporative gas rurbino cycles. 




Figure, 6. Humid Ideation diagram for a packod 
bod humidifier 



Due to limited space of this paper only a selected results 
at a pressure of 10 bars are reported. More extensive results 
will be published in the near ftiturc. 



HEAT AND MASS TRANSFER MODEL 

A detailed description of the modeling of simultaneous 
heat and mass transfer is complicated and beyond the scope 
Of this paper. As mentioned before, humidjficauon ts a 
process of enhancing the water vapor content in pressurized 
air by bringing the two phases, compressed air and water, 
into countcrcurrent contact 

The required heat is mainly provided by transferring 
terrible heat from the exhaust gas on the shell side to the 
falling film, latent heat (mass transfer) is conveyed into the 
air by evaporation, while cooling of the falling waits film 
(additional sensible heat) also contributes io the process. It is 
leasonabtc to assume that the system is gas'film-controllcd. 

The equilibrium curve/working line concept is * 
convenient tool to describe the humidinoaU'on process. 
Enthalpy difference is employed as the driving force for 
combined heat and mass transfer, tot suggested by Micktey 
(1949). figure 6 shows a humidification diagram for a packed 
bed humidifier- The difference in this case compared to a 
tubular humidifier is that the cooling of the exhaust gas with 
water occurs separately in an economizer. The second step is 
the humidification of compressor air by heated water in a 
packed bed. The working line is only slightly curved since 
there is no interaction from the exhaust gas. As will be shown 
later, the working line for tubular humidifier is significantly 
curved* The X- and Y-axis present temperature of water and 
humid air enthalpy respectively. The equilibrium curve 
describes the enthalpy of the saturated air in thermal 
equilibrium with the liquid water as ft function of the 
equilibrium temperarure. The enthalpy of humid ftir in rtm 
work is calculated using the Hyland and Wexler model for 
real-gas mixtures (Dalili et. aL 2001). 



6 Copyrtohl ©2001 by ASMS 
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im * P ..M.t^ a rthehumldifigtpitowsr 

3.5 
8.1 
0.70 



FTCUUrc (bin) 

Z(m) 
Nee 

Room 



Mootz-PakBSH 
0.45 
1.8 

0.25 



J 



Thc pito, plant configuration and to compete « J 
-2S~*«8P«a^*- ctocn. The main purpose of the 
TSmmpm that the technology works and 

I oirZ £T£*i in a higher total ternpetaturt. The 

SkSi ta^ct on the to performance. OptjyT J« 
X shouMbe deteimined for every hum.d.ficanon 

^^wrVeonildeiaWe amount of droplet entrajnmcntcan 
SlWy be detected m the humidified ^-T^ mtu™ 
added to the water to determine the level of eotrainm^t 
Analyzing the condensate from the exhaust g aS ^ealcdthe 
Zn/meul concentration. The mean level of entrainment 
rd^TT^ox^tely 46 mg 
air 120]. This H considered low enough for a safe operation 

>' Heat capacity and thermal conductivity of humid air. 

With SrSLS cement, are only ^P^- 
dependent Thus the changes may be fleeted The m»ac 
7p« variation on density Jjn > ''J^ 
cancel each other. Although elevated pressures. 10-50 bars, 
have negligible direct effect on the heat and l»M J transfer 
SSU the «rrC 4 pondlflghJghlumudUuM> 0 4 kg 
water vapor/kg dry air) change the composit^n of the 

detefmination. However, driving forces are "f»"'' , J™ 
bottom section of the column. Hence, a majontyof thstotal 
number or transfer units is e^trated m^^OJ. 
Therefore, the change in the composition of the bumldjur 
in the top section does not affect the total packing depth 
noticoeMy.^ ^ ^ {211 have that the L*wis relation, 
commonly employed for cooling towers, can be applied 
even for Ugh^pressure humldificatlon. However, for an 
accurate solution, the local heat and mass transfer 
coefficients must be experimentally determined. 

Further, with increasing humidity the deviation from 
ideality increased. Una deviation is mainly a result of the 
interaction between the water molecule* and the air. A Urge 
number of bulky water molecules simply prevent the gas 
molecules in the air from acting as an ideal gas. 



CONCLUSIONS ^orfcthm tower is 

oSivSa humid ah of relatively high water vapor content 
TO j?k K water vapor/kg dry air). The height of a transfer 
S'jSJrt de^rrSed experimentally. « considered 

m ahOuW be suffice* to obtain ^ 

equilibrium state. This is equivalent to 5-10 muwfer nn>« 

r^SSrS- on packir* capacity 

**r2. lz jssl due cSSiis 

^ p^StS conned *« £ £ 

Smfcr system may bo neglected V *™o 
decreases with the resultant higher 
increases with the resultant higher gas 
pSJc mcrea.es, Also, the H* ^-Jg^ 
increasing liquid load. Even at higher humidities, e^.m 
Sow humidiflcation, the change* 
mataina). A series of experiments is «eededto estatrtisn ^ne 
S5 renge of Jf<* for a«y Packing et dlfferem pressures 
and mass (low-rates. f fo 

The droplet separator is necessary tor a saw 
-rt., twv used in the pilot plant operates 
S:^Zi« -fas 99 percent of the 

r^T«S1vGT cycle with both a htn^diOer 
and a boiler is considered to be the «« f^ 1 *^ 
See the heat exchangers' size and cost are kep t >J£ 
AdStionaUy, the exhaust heat can be recovered even below 
the boiling point to significantly lower temperatures. 



* C ™^Zl£l^ M*N*-> Bnergy 
AdminKT Sail AB, Sydkr* « 
SfmSTand Alstom Power is gratefully actowwledged. The 
authors would also like to thank PhD «tudcrto ( Tort^m 
Undquist and Maicua Them, for planning and executing 
experimental test runs. 
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